Genetic changes contributing to phenotypic differences within or between species have been identified for a handful of traits, but the relationship between alleles underlying intraspecific polymorphism and interspecific divergence is largely unknown. We found that noncoding changes in the tan gene, as well as changes linked to the ebony gene, contribute to pigmentation divergence between closely related Drosophila species. Moreover, we found that alleles linked to tan and ebony fixed in one Drosophila species also contribute to variation within another species, and that multiple genotypes underlie similar phenotypes even within the same population. These alleles appear to predate speciation, which suggests that standing genetic variation present in the common ancestor gave rise to both intraspecific polymorphism and interspecific divergence.
S imilar phenotypes that vary within and between species may or may not be caused by similar genetic mechanisms. Quantitative trait mapping shows that loci contributing to polymorphism and divergence of a single character map to the same region of the genome approximately half of the time (table S1) . These overlapping quantitative trait loci (QTLs) may or may not result from changes in the same genes, and most studies lack the power to distinguish between these possibilities. To determine whether the same genes (and potentially even the same alleles of these genes) contribute to phenotypic diversity within and between species, one must resolve intra-and interspecific QTLs to individual genes, localize functionally divergent sites within these genes, and then compare specific alleles within and between species.
ebony and tan QTLs contribute to pigmentation divergence. To investigate the relationship between intraspecific polymorphism and interspecific divergence, we examined the genetic basis of pigmentation differences within and between a pair of closely related Drosophila species, D. americana and D. novamexicana. These two species are sister taxa within the Drosophila virilis species group that diverged about 300,000 to 500,000 years ago (1, 2) (Fig.  1A) . D. novamexicana has a derived light yellow body color, whereas other members of this group (including D. americana) retain an ancestral dark brown body color (3) (Fig. 1B) . In the laboratory, these species can mate and produce fertile offspring. Genetic mapping showed that a region of the second chromosome containing the ebony gene contributes to pigmentation divergence between D. novamexicana and D. americana (4). This gene is required for pigmentation in D. melanogaster (5) . Three other autosomal regions, as well as an unidentified region of the X chromosome, also contribute to pigmentation divergence, although none of these regions were linked to other pigmentation genes tested (i.e., yellow, dopa-decarboxylase, optomotor blind, and bric-a-brac).
Recently, the X-linked pigmentation gene tan was cloned in D. melanogaster (6) . To test whether this gene might contribute to pigmentation differences between D. americana and D. novamexicana, we crossed D. americana females to D. novamexicana males, backcrossed F 1 hybrid females to D. novamexicana males, and scored 495 backcross progeny for body color ( fig. S1 ). All of the lightest male offspring (n = 10) inherited the D. novamexicana allele of tan, whereas all of the darkest male offspring (n = 24) inherited the D. americana allele of this marker. These data show that sequences linked to tan contribute to pigmentation divergence (P = 8 × 10
; Fisher's exact test). The previously described pigmentation QTL linked to ebony and the lack of a pigmentation QTL linked to yellow (4) were also reconfirmed in this population (P = 3 × 10 −8 and 0.7, respectively; Fisher's exact test).
To determine the phenotypic effects of QTLs linked to ebony and tan, we created lines of D. novamexicana in which genomic regions containing these genes were replaced with orthologous sequences from D. americana. These genotypes were constructed by marker-assisted introgression, moving ebony and tan alleles from D. americana into D. novamexicana. F 1 hybrid females were backcrossed to D. novamexicana males, and a single female inheriting the D. americana tan (or ebony) allele was randomly selected and backcrossed to D. novamexicana males again. This process was repeated for 10 generations ( fig. S2 ), with females carrying the D. americana ebony or tan allele selected randomly in each generation without regard to pigmentation. Introgressed D. americana sequences linked to either tan or ebony darkened pigmentation relative to wild-type D. novamexicana (Fig.  2 , A to C), with sequences linked to ebony (Fig.  2C ) causing darker pigmentation than sequences linked to tan (Fig. 2B ). Digital quantification of pigmentation showed that, when combined, the introgressed tan and ebony regions recapitulated 87% of the pigmentation difference between species ( Fig. 2 , A, D, and E).
ebony and tan affect pigmentation development. Studies of pigmentation in D. melanogaster suggest that ebony and tan may themselves be responsible for these interspecific QTLs. Lossof-function mutations in ebony darken pigmentation (5) , whereas loss-of-function mutations in tan lighten it (7) . Biochemically, Ebony catalyzes the conversion of dopamine into N-b-alanyldopamine (NBAD), which is a precursor for (yellow) sclerotin, and Tan catalyzes the reverse reaction, converting NBAD back into dopamine, which is a precursor for (brown) melanin [reviewed in (8)] (Fig. 3A) . Ectopic expression of Ebony induces yellow pigmentation (9) (Fig.  3D ), whereas ectopic expression of Tan induces brown pigmentation (6) (Fig. 3E) . are consistent with changes in ebony and tan contributing to pigmentation divergence, but they cannot be used to distinguish divergence affecting these genes from divergence affecting linked loci. This is particularly concerning for ebony because it is located in a part of the genome that is inverted between species (4, 11) . Inversions effectively suppress recombination, precluding genetic dissection of the region. Nonetheless, differences in Ebony protein expression between D. americana and D. novamexicana (4) strongly suggest that this gene is involved in pigmentation divergence.
Unlike ebony, tan is in a freely recombining region of the genome. This allowed us to use fine-scale genetic mapping to separate the effects of tan from neighboring genes and to determine whether tan contributes to the altered pigmentation observed in the tan introgression line (Fig. 2B) . A 2.7-kb region of tan was identified that contributes to pigmentation divergence ( fig. S3 ) and contains 57 single-nucleotide differences and 19 insertions or deletions (indels) ( fig. S4 ). All of these changes affect noncoding sequences, and the region includes the entire first intron ( fig. S3 ). Differences located 3′ of this region must also affect pigmentation, however, because the recombinant fly inheriting D. americana tan sequence only in this region was not as dark as flies inheriting D. americana sequence for the full tan gene ( fig. S3 ). Within tan, this 3′ region includes many noncoding differences as well as two nonsynonymous differences that affect amino acids 190 and 267.
tan expression correlates with pigmentation differences. Given the absence of coding changes in the 2.7-kb mapped region of tan, we expect that divergent sites in this region affect pigmentation by altering tan expression. Because of its darker pigmentation, we hypothesized that D. americana has higher levels of tan expression than D. novamexicana. In situ hybridization showed that tan is expressed throughout each dorsal abdominal segment ("tergite") in both species during the P14 and P15 pupal stages (12) when pigmentation develops (fig. S5, A and B) . This expression pattern correlates with the distribution of pigments in adult D. americana and D. novamexicana tergites, and is distinct from the patterns of tan expression in Drosophila species with other pigment patterns (13) . Differences in tan expression detected with in situ hybridization correlate with pigmentation divergence in these other species (13), yet we saw no obvious expression differences between D. americana and D. novamexicana during the same developmental stages with this technique (fig. S5, A and B) .
To quantitatively compare levels of tan expression, we measured the relative abundance of tan transcripts in stage P14 and P15 pupae of each species with Pyrosequencing (14) . We observed an average of 34% more tan transcripts in D. americana females than in D. novamexicana females (n = 4 samples, each containing six flies; t = 3.7, P = 0.03; t test) (fig. S5, C and D) , consistent with the darker pigmentation of D. americana. To determine whether this expression difference results from cis-regulatory divergence of tan, we compared transcript abundance of D. americana and D. novamexicana tan alleles in F 1 hybrid females during the same pupal stages with Pyrosequencing (14) . Surprisingly, no significant differences in allele-specific expression were observed (n = 5 samples, each containing six flies; t = 0.72, P = 0.51; t test) (fig. S5, E and F) . Divergent expression levels may therefore be caused by differences in trans-regulatory factors and/or differences in the number of tanexpressing cells between species (15) . The noncoding differences we identified by fine-scale genetic mapping may alter fine-scale temporal control (16) and/or posttranscriptional regulation (17) of tan. It is also possible that these noncoding differences may affect transcriptional regulation of a neighboring gene that is also 
Downloaded from
involved in pigmentation (13) or a cryptic, small, noncoding RNA encoded by the tan intron (18) .
Phenotypic consequences of tan divergence revealed in transgenic flies. To determine whether evolutionary changes in the tan gene itself are sufficient to affect pigmentation, we inserted transgenes carrying the D. americana and D. novamexicana tan alleles into the D. melanogaster genome (19) . Both transgenes were integrated at the same site, allowing us to compare pigmentation of flies whose genomes differed only for divergent sites within the transgenes. Both the D. americana and D. novamexicana alleles of tan rescued pigmentation in a D. melanogaster tan null mutant (Fig. 4 , A to D), indicating that the transgenes were expressed in D. melanogaster and that Tan protein function is (at least largely) conserved. Flies carrying the D. americana tan allele had darker pigmentation than flies carrying the D. novamexicana tan allele (Fig. 4 , C and D; F = 26.94, P < 0.0001 for abdominal segments A3 and A4, and F = 6.51, P = 0.03 for the darker A5 segment). This is consistent with the darker pigmentation of D. americana relative to D. novamexicana.
We also compared the phenotypic effects of D. americana and D. novamexicana tan alleles in D. americana and D. novamexicana themselves by randomly inserting both tan transgenes into the genomes of both species. Two independent insertions were recovered for each transgene in each species. In D. americana, we were unable to detect a difference in pigmentation between transformed and untransformed flies, presumably because of the already dark pigmentation of this species (see Fig.  1B ). In D. novamexicana, however, transformant flies carrying the D. americana tan transgene (Fig. 4F) were visibly darker than flies carrying the D. novamexicana tan transgene (Fig. 4E). This variation is geographically structured, with D. americana captured in the eastern United States visibly darker than those captured from the western part of the species range (3). These pigmentation differences remain visible after rearing flies under common environmental conditions in the laboratory (Fig. 5A ), indicating a genetic basis for the pigmentation cline. Sequence variation within D. americana at putatively neutral loci shows no population structure (2, (20) (21) (22) (23) (24) , which suggests that this cline is due to local adaptation.
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To determine whether sites linked to ebony and/or tan contribute to this intraspecific polymorphism, we used D. novamexicana alleles as a reference to compare the phenotypic effects of ebony and tan QTL alleles among lines of D. americana. Genetic mapping was performed using four isofemale lines of D. americana (A01 collected from Poplar, Montana; DN2, DN4, and DN12 collected from Duncan, Nebraska) with lighter pigmentation than the line of D. americana (A00) used previously. D. americana females from each strain were crossed to D. novamexicana males, F 1 hybrid females were backcrossed to D. novamexicana males, and molecular markers in ebony and tan were genotyped in flies from the lightest and darkest pigmentation classes ( fig. S6 ). Despite their lighter pigmentation, the DN12 and DN4 lines of D. americana produced similar mapping results to A00: Both ebony and tan showed highly significant linkages to loci affecting pigmentation (Fig. 5B ). Genotyping 101 males from the DN4 backcross population and fitting their genotypes and phenotypes to a linear model (19) showed that ebony (E) and tan (T) both had significant additive effects on pigmentation (F E = 132.98, P E < 0.0001; F T = 160.85, P T < 0.0001) with no significant epistatic interaction between them (F = 3.02, P = 0.09). These additive effects explained 76% of the pigmentation variance in the DN4 backcross population. For DN2, sites linked to tan contributed to pigmentation differences between species, but sites linked to ebony did not (Fig. 5B ). The converse was true for A01: Sites linked to ebony contributed to pigmentation differences between species, whereas sites linked to tan did not (Fig. 5B) .
Taken together, these data reveal three distinct genotypes among D. americana lines with a light-pigmentation phenotype. DN2 has alleles linked to ebony that appear to be functionally equivalent to those found in D. novamexicana; A01 has alleles linked to tan that appear to be functionally equivalent to those found in D. novamexicana; and DN4 and DN12 have alleles linked to tan and ebony that appear to be functionally distinct from those found in D. novamexicana. It remains to be seen whether the DN12 and DN4 alleles of these QTLs have the same effect on pigmentation as each other or as the alleles from the darker A00 line of D. americana. Two of the three D. americana lines (DN2 and DN4) were collected during the same year and DN12 the following year (table  S2) , which suggests that genetic heterogeneity for pigmentation exists within this local population. This heterogeneity may be caused by gene flow among populations and/or balancing selection within the population.
Shared pigmentation alleles contribute to polymorphism and divergence. The functional similarity observed for the A01 and D. novamexicana alleles linked to tan, as well as for the DN2 and D. novamexicana alleles linked to ebony, may result from shared ancestry (i.e., alleles that are identical by descent) or from convergent evolution. Sequences of tan and ebony from multiple lines of D. americana and D. novamexicana show that the functional similarity most likely reflects shared ancestry, as the A01 tan sequence is more similar to D. novamexicana alleles than to other D. americana alleles (Fig. 5C ) and the DN2 ebony sequence is more similar to D. novamexicana alleles than to other D. americana alleles (Fig.  5D ). The DN2 line of D. americana also has the same arrangement of the ebony-containing inversion ["In(2)b" in (11)] as D. novamexicana ( fig. S7 ) (25), further suggesting that pigmentation alleles linked to ebony in DN2 and D. novamexicana have a common origin.
Sequence variation identifies candidate sites for divergent pigmentation. Sequence similarity between A01 and D. novamexicana was found to be highest beginning in the first intron of tan and extending 3′ of tan ( fig. S8 ). Within the 2.7-kb region identified by finescale mapping ( fig. S3 ), we observed 13 fixed single-nucleotide differences and two fixed indels between D. americana (excluding A01) and D. novamexicana (Fig. 5E ). The A01 allele of D. americana contains the same sequence as D. novamexicana at nine of these 13 divergent sites and shares one of the two indels (Fig. 5E , red). Only four of the shared substitutions are derived changes relative to D. virilis (Fig. 5E,  boxed) . Because D. virilis has pigmentation similar to D. americana (Fig. 1B) , we consider these four noncoding changes to be the best candidates for divergent function in this region. Derived changes outside of this region that are also unique to A01 and D. novamexicana tan may contribute to pigmentation divergence as well. The two amino acid differences between alleles used for fine-scale mapping are polymorphic and are thus unlikely to contribute to fixed differences between species.
A model of pigmentation evolution. Our data reveal the relationship between intraspecific polymorphism and interspecific divergence by showing that the same alleles contribute to pigmentation differences within and between species ( fig. S9 ). These alleles may have been present in the common ancestor of D. americana and D. novamexicana, or they may have arisen in D. novamexicana and subsequently introgressed into D. americana after hybridization. Distinguishing between these two scenarios is notoriously difficult (26) (27) (28) , yet haplotype sharing between D. americana and D. novamexicana has been postulated to be due to shared ancestral variation (2) R NA-silencing pathways contribute to transposon silencing, viral defense, DNA elimination, heterochromatin formation, and posttranscriptional repression of cellular genes (1, 2) . In the simplest form of silencing, known as RNA interference (RNAi), the ribonuclease III (RNaseIII) endonuclease Dicer successively cleaves double-stranded RNA (dsRNA) into small interfering RNAs (siRNAs), which are loaded into the effector protein Argonaute to guide the cleavage of target transcripts (1, 3) . RNAi arose in an early eukaryotic ancestor and appears to have been conserved throughout most of the fungal kingdom (4, 5) (Fig. 1A) . A prominent exception is Saccharomyces cerevisiae, a budding yeast that lacks recognizable homologs of Argonaute, Dicer, and RNA-dependent RNA polymerase (RdRP), which in some RNAi pathways produces dsRNA. Indeed, RNAi has been presumed lost in all budding yeasts. Despite this perceived loss, Argonaute genes are present in some budding yeasts (6, 7) , including Saccharomyces castellii and Kluyveromyces polysporus (both close relatives of S. cerevisiae) and Candida albicans [the most common yeast pathogen of humans (8)] (Fig. 1A) . The presence of these genes in budding yeast has been enigmatic, because other RNAi genes, especially Dicer, have not been found in these species. A similar conundrum appears in prokaryotes, in which certain bacteria have Argonaute homologs yet lack the other genes associated with RNAi or related RNAsilencing pathways (9) . siRNAs in budding yeasts. To search for RNA silencing in budding yeast, we looked for short-guide RNAs, isolating 18-to 30-nucleotide (nt) RNAs from S. castellii, K. polysporus, and C. albicans and preparing sequencing libraries representing the subset of small RNAs with 5′-monophosphates and 3′-hydroxyls (10), which are the chemical features of Dicer products. The small RNAs of S. castellii and K. polysporus were most enriched in 23-RNAs beginning with U, and those of C. albicans were most enriched in 22-nt beginning with A or U (Fig. 1B) . These biases were reminiscent of those observed for Argonaute-bound guide RNAs of animals, plants, and other fungi (11) (12) (13) . Analogous RNAs were not found in S. cerevisiae, as expected for a species lacking RNAi (Fig. 1B) . Although some reads from the Argonautecontaining yeasts mapped to ribosomal RNA (rRNA) and transfer RNA (tRNA) and presumably represented degradation intermediates of abundant RNAs, many reads clustered at other types of genomic loci. The loci generating the most reads had sequence homology to repetitive elements, including long terminal repeat retrotransposons (Ty elements), LINE (long interspersed nuclear element)-like retrotransposons (Zorro elements), and subtelomeric repeats (Y′ elements) (Fig. 1C and table S1 ). Loci of S. castellii were also particularly enriched in long inverted repeats; these palindromic loci generated most of the reads with homology to Ty elements (Fig. 1,  C and D) . In S. cerevisiae, essentially all the reads appeared to represent degradation fragments of rRNA, tRNA, and mRNA.
The reads matching inverted repeats suggested origins from paired regions of transcripts that folded back on themselves to form hairpins (Fig.  1D ). These inferred hairpins had 100-to 400-bp (base pair) stems, with loops ranging from 19 to >1600 nt. In regions of imperfect duplex, where reads could be mapped unambiguously, the small RNAs tended to match only one genomic strand, which further supported the idea that they originated from hairpin transcripts (Fig. 1D, bottom) . Other reads did not map to inverted repeats and, instead, mapped uniquely to both genomic strands in a pattern suggesting that they originated from long bimolecular duplexes involving transcripts from both strands.
Most siRNAs of the fission yeast Schizosaccharomyces pombe correspond to the outer repeats of the centromeres and direct heterochromatin formation and maintenance (14) . We therefore examined whether any of our sequenced small RNAs matched centromeres. Of the three Argonautecontaining species from which we sequenced (Fig.  1B) , only C. albicans had annotated centromeres, and almost none (<0.001%) of ourC. albicans reads matched these genomic loci. Also arguing against a function analogous to that in S. pombe is the lack in budding yeasts of recognizable orthologs of the histone H3 lysine 9 (H3K9) methyltransferase Clr4 and recognizable homologs of RdRP, Tas3, Chp1, and the heterochromatin protein HP1-like chromodomain protein Swi6-proteins all necessary for RNAi-dependent heterochromatin in S. pombe (14) .
When mapped to the genome, the end of one 23-nt RNA was often next to the beginning of another 23-nt RNA, which suggested that endonuclease cleavage simultaneously generated the 3′ terminus of one small RNA and the 5′ terminus of the next. Consistent with this hypothesis, systematic analysis of the intervals spanning the mapped ends of all 23-nt RNA pairs revealed a clear phasing interval of 23 nt (Fig. 1E) . Such phasing implied successive cleavage, beginning 1
Materials and Methods: Sequencing D. americana and D. novamexicana tan and ebony
Bacterial artificial chromosomes (BACs) containing tan and ebony were identified in D. americana and D. novamexicana genomic libraries by screening filters from the Arizona Genomics Institute. Radioactively labeled probes used for screening were produced with PCR products amplified by the following primers: HMR, located 5' of tan (5'-CATCTCGTCCAACTCCAGGT-3' and 5'-GCGCTATAAATATCAGCGTCA-3'); CG7039 located 3' of tan (5'-CATTGCTGCACGGCTTTTAC-3' and 5'-CTCCACCAGCCATTTGATG-3'); ETHR located 5' of ebony (5'-GGCTGTCGCTGCTGTTATTT-3' and 5'-CCAAGCCGCAAATAAGTTTC-3'); and CG5874 located 3' of ebony, (5'-GCCTGCACCTGCACCA-3' and 5'-CCACGCTAATTCCAACCAAC-3'). These primers were designed on the basis of sequence from the August 2005 D. virilis genome assembly (S1). We ordered six D. americana and six D. novamexicana clones positive for both genes flanking tan and five D. americana and ten D. novamexicana clones positive for both genes flanking ebony from the Arizona Genomics Institute. Each clone was evaluated by testing for amplification of PCR products from tan, ebony, and flanking genes. Ultimately, the DA_ABa0020L7 (D. americana) and DN_Ba0024C15 (D. novamexicana) clones containing tan as well as the DA_ABa0029H3 (D. americana) and DN_Ba0007J18 (D. novamexicana) clones containing ebony were selected for sequencing. With a combination of primers designed on the basis of the D. virilis sequence and primer walking, we sequenced ~14 kb from each tan BAC clone and ~4kb from each ebony BAC clone.
Fly strains, rearing, and imaging
The following lines of D. melanogaster were used for this work: pnr-Gal4 (G. Morata); w-;P[w+, UAS-Tan] (J. True); w-;P[w+, UAS-Ebony] (J. True); yellow1, tan5 (J. True), and CantonS. A w-;CyO/Sb; TM2/TM6 balancer line was used to construct genotypes described in Fig. 3 . D. americana and D. novamexicana lines and sources are shown in Table S2 . All flies were reared on standard yeastglucose media, with D. americana and D. novamexicana reared at 20°C, and D. melanogaster reared at 25°C. Pigmentation of individual flies was documented by placing age-controlled adults in a solution of 10% glycerol in ethanol, storing at room temperature for 1-30 days, dissecting the dorsal abdominal cuticle, mounting the cuticle in Hoyer's solution, and imaging with a Scion 1394 (Frederick, MD) digital camera. All images presented within a figure (or within a panel for Fig. 5 ) are from agematched flies with images captured at the same time, under the same lighting conditions. Colors were adjusted in Photoshop CS2 (Adobe, San Jose, CA) to best reproduce visual observations, with an identical color transformation applied to all images shown within the same figure (or panel for Fig. 5 ). Pigmentation of a fly was quantified by measuring the intensity of grey-scale images with ImageJ (NIH, Bethesda, MD) in five to ten non-overlapping regions and averaging the median intensity from each region. Measurements range from 0 (black) to 255 (white).
Quantitative trait locus (QTL) mapping
All QTL mapping experiments were performed with interspecific backcross populations, as described in the main text. Within each population, progeny were visually classified into distinct pigmentation classes. All phenotypic scoring was performed by E.E.S. under controlled lighting conditions and pigmentation of each fly was verified by P.J.W prior to DNA extraction. Single fly DNA preparations were performed with the protocol described in (S2) .
Genotypes of tan, ebony, and yellow were determined for backcross progeny with either DNA sequencing or amplified fragment length polymorphisms resolved with agarose gel electrophoresis. To test for a significant association between genotypes and phenotypes, two-sided Fisher exact tests, evaluated with "fisher.test()" in R Cocoa GUI 1.12 (http://www.r-project.org/), were used to compare the number of D. americana alleles observed among the lightest and darkest flies. For the DN4 backcross population, 101 out of 127 flies were successfully genotyped for both ebony and tan. The proportion of pigmentation variance explained by ebony and tan genotypes in the DN4 backcross was determined by fitting the following model with PROC MIXED in SAS v.9.1 (Cary, NC) with Type III sums-of-squares: Y ijk = E i + T j + ET ij + ! ijk , where Y is the pigmentation score of each fly, E is the ebony genotype (i = D. americana or D. novamexicana), T is the tan genotype (j = D. americana or D. novamexicana), ET is the interaction between tan and ebony genotypes, and ! is a random error term. E, T, and ET, were treated as fixed effects in the model. A second model, lacking the interaction term, was used to quantify the amount of variance explained by additive effects of ebony and tan genotypes.
Constructing introgression lines
D. americana alleles of ebony and tan from the DN12 line were introgressed into the N14 line of D. novamexicana. This line of D. americana was used after three failed attempts to introgress alleles from the line of D. americana (A00) used for the initial genetic mapping. Note that the tan sequences from A00 and DN12 are very similar (see Fig. 5C ) and differ only by 2 bp in the 2.7 kb region identified by fine-scale genetic mapping (GQ457339 and GQ457347). DN12 and A00 also share the same arrangement of the In(2)b inversion containing ebony (S3) .
As shown in Fig. S2 , D. americana virgin females were crossed to D. novamexicana males, and F 1 hybrid virgin females were backcrossed to D. novamexicana males. Virgin females were collected from this first back-cross (BC1), and then we set up twenty matings, each containing one virgin female from BC1 and one D. novamexicana male. When third instar larvae were visible (two to three weeks after mating), the female parent was removed from each vial, DNA was extracted, and genotypes at tan and ebony were determined with DNA sequencing and PCR-based genotyping as described above for QTL mapping. One vial containing larval progeny from a mother heterozygous for tan and/or ebony was randomly selected, and twenty virgin females were collected from this brood after eclosion. To begin the next backcross generation (BC2), twenty pair-matings were set-up by crossing each of these females to one D. novamexicana male. This process was repeated for ten generations.
On average, after ten generations of backcrossing, an introgressed region extends 10 cM to either side of the selected locus (i.e., ebony and tan) (S4) . The precise breakpoints of introgressed tan and ebony regions remain unknown, although DNA sequencing showed that D. americana alleles remained at loci ~500 kb from tan in both directions. Polytene chromosomes squashes of the tan introgression line showed the loss of D. americana alleles for all chromosomal regions inverted between D. americana and D. novamexicana, and squashes of the ebony introgression lines showed the loss of inversions other than the ebony containing In (2)b. Importantly, mendelian inheritance of pigmentation was observed for both of the final introgression lines, showing that any remaining D. americana alleles not linked to tan or ebony do not visibly affect pigmentation.
Fine-scale genetic mapping
Virgin females heterozygous for the introgressed D. americana tan allele were crossed to D. novamexicana males. 5048 male offspring were visually scored for pigmentation by A.H.N. under constant light conditions, with each classified as either light or dark. Light flies had pigmentation most similar to wild-type D. novamexicana and dark flies had pigmentation most similar to the tan introgression line. DNA was extracted from each fly with the protocol described in (S2), except that flies were homogenized by placing a single fly into a well of a 96-well PCR plate, adding a single glass bead, and shaking on a Mixer Mill MM301 (Retsch, Inc., Haan, Germany) for 10 seconds at a frequency of 25 Hz. This shaking condition was found to homogenize the flies sufficiently for DNA extraction without completely destroying the abdominal cuticle.
Genotypes at molecular makers A, B, C, and D in Fig. S3 were determined with the following primer pairs: (A) 5'-TTATATCGCCGGGTATCAGC-3' and 5'-CGTCTGATGCTTTCTGACGA-3'; (B) 5'-CGAGTTTTTATTCCCACTGAATTAT-3' and 5'-GGGTTCGTCTTATCCACGAT-3'; (C) 5'-GGAGTCCATGTGGCCTAAGAAC -3' and 5'-GCCTTATCTTAATAGAAGTTTAATATGC-3'; and (D) 5'-TCGAACATGTTTGGCCTTGTCAC-3' and 5'-GTTTATAGCCAGCAGTTGCTG-3'.
PCR products from B, C, and D differed in length between the N14 line of D. novamexicana and the DN12 line of D. americana (i.e., the lines used for fine-scale genetic mapping). The PCR product amplified from locus A was cut with HaeIII, producing different sized fragments for the two alleles. Two flies were found that inherited the D. americana allele at one of these loci and the D. novamexicana allele at the other. The location of the recombination breakpoint in each of these flies was determined by re-sequencing the tan gene. The recombination breakpoint was located between positions 689 and 752 in F4 and between positions 3500 and 3658 in D1. These positions refer to the PopSet alignment of GQ457336-GQ457353. Flies were also genotyped for molecular markers outside of this region (i.e., A and D in Fig. S3 ) to estimate genetic distances between A and B as well as between C and D.
Analyzing tan mRNA expression in situ hybridizations were performed as described in (S5) . Briefly, D. americana (A00) and D. novamexicana (N14) pupae were collected one to four hours prior to eclosion and heated to 100°C for one minute. Dorsal abdominal cuticle was dissected, fixed in 4% paraformaldehyde, dehydrated, and stored at -20°C. After re-hydrating, cuticles were fixed again in 4% paraformaldehyde, treated with proteinase K, fixed a third time, and incubated overnight at 65°C with a Digoxigenin (DIG)-labeled RNA probe. Sense and anti-sense RNA probes were synthesized with T7 polymerase (Promega, Madison, WI) to transcribe PCR products containing ~300 bp of sequence from D. novamexicana tan exon 8. D. americana and D. novamexicana tan alleles have identical sequence in this region. After washing, samples were incubated overnight with anti-DIG AP Fab fragments (Roche, Basel, Switzerland), washed again, and incubated with a solution containing NBT/BCIP (Promega, Madison, WI) for 20 minutes or until sufficient colorametric signal was obtained. Three to twenty cuticles of D. americana and D. novamexicana were processed in parallel, and a titration series of probe and antibody conditions was examined. This experiment was repeated more than ten times.
To quantify standing levels of tan mRNA, stage P14 and P15 pupae from D. americana (A00), D. novamexicana (N14) and F 1 hybrids were collected and stored at -80. Prior to freezing, pupae were dissected from their cases, and their heads were removed to eliminate tan transcripts associated with the visual system (S6). Four samples, each containing three D. americana and three D. novamexicana pupal bodies, as well as five samples, each containing six F 1 hybrid bodies, were homogenized and used for sequential RNA and genomic DNA extractions, as described in (S7). cDNA was synthesized from each RNA sample with a polyT primer and Superscript 2 reverse transcriptase (Invitrogen, Carlsbad, CA).
Pyrosequencing was performed as described in (S8) with the following pair of primers: 5'-GATGCTGAAGTCCAGCGTGTC-3' and 5'-BIO-CAGCCGCCAGTGACATCA-3', where "BIO" indicates the addition of a biotin molecule. A Pyrosequencing primer was used to analyze the sequence CAAYATG, in which the D. americana allele contains a thymine (T) and the D. novamexicana allele contains a cytosine (C) at the variable position. Pyrosequencing reactions were performed for each cDNA and genomic DNA sample, with a minimum average peak height of twelve for the conserved C, T, and G positions required for quality control.
The relative abundance of D. americana and D. novamexicana tan alleles was calculated as the ratio between the polymorphic T and C peaks (i.e., D. americana/D. novamexicana = T/C). These ratios were log 2 transformed to make them normally distributed (S8), and the log 2 genomic DNA ratio was subtracted from the corresponding log 2 cDNA ratio to correct for any bias between alleles in PCRamplification and/or nucleic acid extraction in mixed species pools (S7). We tested for expression differences between species and for allele-specific expression differences in F 1 hybrids using "t.test()" in R Cocoa GUI 1.12 (H 0 : µ = 0). The average percent difference in tan expression between species was calculated as (1-2x) * 100, where x = the mean value of log 2 (T/C) for the four biological replicate samples.
Transgene construction and transformation
piggyBac transgenes containing the D. americana and D. novamexicana tan alleles were constructed by recombineering with the general protocols and strains described at http://recombineering.ncifcrf.gov/. Targeting plasmids for D. americana and D. novamexicana tan were produced by amplifying ~500 bp "homology arms" from HMR and CG7039 with PCR primers, using PCR sewing to connect them with an Xho I site in between, and inserting them into the AscI site of a piggyBac plasmid (S9) with AscI sites flanking the homology arms that were introduced during the initial PCR amplification. The piggyBac plasmid, already containing a 3xP3-EGFP transformation marker (S9), was modified by inserting the attB sequence (S10) into the Xba I site located in the pUC18 backbone. Separate targeting vectors were made for D. americana and D. novamexicana tan, and the sequence of these constructs was confirmed by DNA sequencing.
Each 7 kb piggyBac targeting vector was linearized with Xho I, gel purified, treated with calf intestine alkaline phosphotase, and electroporated into SW102 cells carrying the appropriate BAC clone: DA_ABa0020L7 for D. americana and DN_Ba0024C15 for D. novamexicana. SW012 cells contain all of the genetic resources needed for recombineering (S11) . Following induction of the recombinase and ampicillin selection for circularized piggyBac plasmids, individual colonies were screened by PCR, mini-prepped, and subject to diagnostic restriction digests. One positive clone from each species was re-sequenced for the entire 14kb tan transgene. In both cases, recombineering was found to have produced an exact replica of the BAC sequence.
piggyBac plasmids carrying the D. americana and D. novamexicana tan transgenes were injected into D. melanogaster white mutants carrying the attP16 site on chromosome two (S12), and inserted into the genome with the phiC31 integrase (S10). Each piggyBac plasmid was also co-injected with a piggyBac transposase source (S9) into wild-type D. novamexicana (N14) and white mutant D. americana (provided by B. McAllister). Genetic Services, Inc (Sudbury, MA) performed all embryo injections and screening.
Sequence polymorphism discovery and analysis
DNA was extracted from males of each isofemale line listed in Table S2 . tan was sequenced in twelve lines of D. americana and three lines of D. novamexicana with primers developed during the initial sequencing of tan alleles from BAC clones. Additional loci flanking tan, described in Fig. S8A , were also sequenced in multiple lines of D. americana and D. novamexicana. Three regions of ebony were amplified and sequenced from ten lines of D. americana and five lines of D. novamexicana (see Fig. 5D ). These regions were concatenated for phylogenetic analysis. Primers used to collect these sequences are summarized in Table S3 . In lieu of sequencing, AP-1 Gamma was genotyped with the primers 5'-TCGAACATGTTTGGCCTTGTCAC-3' and 5' TTTATAGCCAGCAGTTGCTG-3, which amplified a 158 bp product in D. novamexicana, and a 100bp product in D. americana (including the A01 allele).
Sequencing reactions were performed by the University of Michigan Sequencing Core Facility and raw sequence data was analyzed with Sequencher 4.6 (Gene Codes Corporation, Ann Arbor, MI) and Codon Code Aligner 2.0.6 (CodonCode Corporation, Dedham, MA). Sequences for each allele were aligned with MUSCLE (S13) and then manually inspected by P.J.W. Phylogentic trees were built with MEGA 4.0.2 (S14). DNAsp 4.90.1 (S15) and SITES (S16) were used to identify fixed differences and polymorphic sites. position   2848  2849  2889  2890  2891  2892  2901  2904  2905  2906  2907  2908  2909  2910  2911  2912  2913  3064  3085  3086  3087  3088  3089  3090  3091  3092  3093  3094  3095  3096 D position   3296  3297  3298  3299  3300  3301  3316  3335  3439  3480  3482  3489  3490  3495  3496  3497  3498  3499  3500  3501  3502  3503  3504  3658 D novamexicana (N14) males; F 1 females were backcrossed to D. novamexicana (N14) males; and male progeny were classified by eye into as many distinguishable pigmentation classes as possible. A histogram of pigmentation phenotypes is shown, with the sample size (n) for each backcross population listed in the key. Pigmentation classes are plotted on the X-axis on the basis of the average pigmentation intensity of five randomly chosen flies from that class. DN12 (blue) and DN4 (green) backcrosses produced similar phenotypic distributions in terms of both the frequency and pigmentation of each phenotypic class. These distributions were distinct from that observed with A00 (Fig. S1 ). The DN2 backcross also produced a phenotypic distribution distinct from A00 (Fig. S1 ), but this population was also distinct (in both pigmentation phenotypes and frequency) from the DN12 and DN4 backcross distributions. Crosses with the A01 line of D. americana produced only four recognizable classes of backcross progeny, all of which were lighter than most backcross progeny produced with DN2, DN4, or DN12. , D. virilis, scaffold_12932: 1,852,445) . The number of aligned basepairs (bp) analyzed for each locus (excluding gaps) is also indicated. The one exception is the AP-1 Gamma (AP-1) locus, which was genotyped with an amplified fragment length polymorphism. 840 bp of sequence (GQ457370-GQ457381) from the region shown in grey (indicated by the question mark) was also analyzed, but did not contain enough fixed differences to distinguish the D. americana and D. novamexicana alleles with bootstrap support greater than 75%. A larger schematic of the tan region, including exons 1 -8 (black boxes), is also shown in panel A, with vertical lines indicating the positions of fixed differences between species GQ457336-GQ457353. Sequence of the A01 allele is indicated at each of these divergent sites, with brown lines representing D. americana alleles and yellow lines representing D. novamexicana alleles. On the basis of the pattern of haplotype sharing, this region was divided into two sections (tan-5! and tan-3!) for phylogenetic analysis. Fig. S9 . A genetic model of pigmentation polymorphism and divergence. (A) ebony and tan control the production of yellow and brown pigments, respectively (Fig. 3A) , and the relative expression of these proteins determines adult pigmentation (Fig. 3F) . Tan is expressed at higher levels in D. americana (Fig.  S3D) , and Ebony is expressed at higher levels in D. novamexicana (S17). To reconcile the genotypes and phenotypes observed in this study, we propose a model of pigmentation evolution in which Tan and Ebony expression differences between species are caused by changes in the tan and ebony genes themselves. Specifically, we assume that the D. americana tan allele (t A ) causes greater Tan protein expression than the D. novamexicana allele (t N ), and that the D. novamexicana ebony allele (e N ) causes greater Ebony protein expression than the D. americana allele (e A ). For simplicity, we ignore the contribution of other genes, which in the DN4 backcross population explained up to 24% of the pigmentation variance. (B) ebony and tan genotypes are shown for isofemale lines of D. americana (DN2, A01, and A00) and D. novamexicana (N14). The thicker yellow arrow represents greater activity of e N relative to e A , and the thicker brown arrow represents greater activity of t A relative to t N . In N14, which carries t N and e N , our model predicts a net production of yellow pigment. In A00, which carries t A and e A , our model predicts a net production of brown pigment. In DN2 and A01, both of which carry one allele from each species, our model predicts pigmentation intermediate between A00 and N14. Dorsal abdominal cuticle from the A4 segment is shown for 7-10 day old males. (C) The four possible tan and ebony genotypes are shown along with the average pigmentation class for each genotype in the DN4 backcross population. Dorsal abdominal cuticle from the A4 segment of male flies categorized as class 1, class 3, and class 5 in the DN4 backcross are also shown. Flies inheriting e N and t N had light pigmentation, presumably because of excess ebony activity, while flies inheriting e A and t A had dark pigmentation, presumably because of excess tan activity. Flies inheriting the D. americana allele of only ebony or tan had intermediate pigmentation, presumably because of more balanced tan and ebony activities. The distribution of phenotypes in the DN4 backcross population is consistent with a simple two-locus Mendelian model assuming that class 1 contains t N ;e N flies, classes 2, 3, and 4 contain t N ;e A and t A ;e N flies, and class 5 contains t A ;e A flies (!2 = 4.7, df = 2, P = 0.1).
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